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coincide with morphological changes during embryogenesis that occur during 33 metamorphosis in biphasic anurans. Thus, while the onset of neuroendocrine 34 regulation has changed during the evolution of direct development, it is likely that 35 these thyroid axis components still mediate the formation of adult features. 36
Introduction 39
Amphibian metamorphosis is a well-established model for examining the 40 developmental role of hormones, particularly thyroid hormone (TH). Recently, 41
there has been increased emphasis on expanding the diversity of amphibian 42 species examined and on evaluating the role of endocrine mechanisms in 43 mediating evolutionary changes in metamorphic life history strategies (Buchholz 44 et al., 2011) . The most familiar, and phylogenetically ancestral, life history in 45 amphibians is biphasic; embryogenesis produces a free-living larval stage that is 46 then extensively remodeled during a second discrete phase of development, 47 metamorphosis. Evolutionary changes in this pattern range from shortening or 48 lengthening the larval period to elimination of either the adult or the free-living 49 larval stage. The latter change results in direct development, in which the adult 50 (i.e., postmetamorphic) anatomy forms precociously, during embryogenesis. 51
Mechanistically, such diversification likely results from alterations in the thyroid 52 axis, the primary endocrine regulator of metamorphosis (Buchholz et al., 2011 ; 53 Page et al., 2009; Safi et al., 2006; Elinson, 2013) . Like most endocrine axes, the 54 thyroid axis consists of a series of central regulators that mediate the production 55 and release of TH from the thyroid gland and peripheral regulators that mediate 56 tissue-specific responses to circulating hormone (Buchholz et al., 2011) . 57
Alterations that affect metamorphic timing potentially occur at any level of the 58 thyroid axis, and evolutionary changes at one level will often have effects at other 59 
Median eminence histology 120
Embryos were fixed in 10% neutral-buffered formalin, dehydrated, and 121 embedded in Paraplast. Serial sagittal sections (6 µm) of entire embryos were 122 stained with a four-part connective tissue stain (Alcian blue, direct red, celestine 123 blue and hematoxylin; Hall, 1985) . A total of 2 specimens each from stages 8 to 124 15 were prepared. The following features of the median eminence were 125 examined: shape of the median eminence, presence of an ependymal layer, 126 nerve fibers that form the internal zone, and appearance of capillaries that form 127 the external zone between the anterior pituitary and the infundibulum.
TSHβ immunohistochemistry 130
Embryos 
Ontogeny of the median eminence 164
At TS 8, the earliest embryonic stage examined, the median eminence of E. 165 coqui consists of a thin epithelial layer composed primarily of cuboidal cells that 166 separate the third ventricle from the pituitary anlage (Fig. 1A) . Anteriorly, the 167 epithelial layer is thicker, less distinct, and blends with underlying cells. The 168 median eminence at TS 9 differs little from stage 8. By TS 10, the epithelium 169 forms a distinct ependymal layer composed of columnar cells that form a 170 continuous layer between the third ventricle and the underlying pituitary (Fig. 1B) . 171
Directly under the ependymal layer, nerve fibers of the internal zone have begun 172
to form between the epithelium and the pituitary. Throughout the remainder of9 present. Small blood vessels forming the external zone, are present in several 175 sections between the internal zone and the pituitary (Fig. 1C,D) . At stage 14, the 176 posterior lobe of the pituitary is distinct from the anterior lobe (Fig. 1D) . 177 178
Ontogeny of pituitary TSHβ production 179

Immunohistochemical controls 180
No positive staining was seen when sections were incubated with normal rabbit 181 serum in place of the primary antibody or when the primary antibody was 182 preabsorbed with ovine TSHβ (Fig 2A) . 183 184
Localization and ontogeny of TSHβ β β β immunoreactive cells in the 185 pituitary 186
Cells immunoreactive to rabbit anti-human TSHβ antibodies were observed in the 187 mid-ventral portion of the pars distalis of embryonic E. coqui (Fig. 2B) . 188
Immunoreactivity was first observed at TS 9, when all but one specimens stained 189 positively for TSHβ. In contrast, no specimen at TS 8 stained with this antibody. 
Hypothalamic regulation of direct development 217
Hypothalamic signals reach the pituitary through the median eminence, which is 218 comprised of nerve fibers (internal zone) that connect hypothalamic nuclei to the 219 posterior pituitary, and blood vessels of the hypophyseal portal system (externalthe median eminence to the pituitary are associated with increased pituitary TSH 222 levels and circulating thyroid hormone levels (Denver, 2013). In E. coqui, the 223 nerve fibers of the internal zone of the median eminence are present at TS 10, 224 and capillaries of the external zone are identifiable shortly afterwards (Fig. 1B-D) . 225 formation of the larval thyroid gland (Kikuyama et al., 1993; Denver, 2013) . 273
Overall, the relationship among onset of TSHβ-IR protein production by the 274 pituitary, formation of the median eminence, and thyroid differentiation is similar 275 between E. coqui and metamorphic frogs: formation and activity of all these 276 thyroid axis components occur prior to formation of many adult features (Fig. 4) . 277 278
Quantitative comparisons 279
Although the ontogeny of TSHβ-IR protein production in larvae has been 280 
Conclusions 325
Differentiation of the median eminence and onset of pituitary TSH production in 326 the direct-developing frog E. coqui occur during the late embryonic period. In 327 contrast, these features do not form in metamorphosing frogs until after hatching, 328 during the larval period (Fig. 4A) . Embryonic formation of neuroendocrine 329 components precedes or is coincident with many morphological changes that 330 resemble metamorphosis in biphasic anurans. Despite marked differences in 331 morphological development relative to hatching, integration among 332
neuroendocrine components also appears to be conserved between E. coqui and 333 metamorphic frogs, as formation and activity of components of the hypothalamic-334 pituitary-thyroid axis occur within a narrow range of developmental stages and in 335 a similar sequence (Fig. 4B) 
